Females of Thalictrum pubescens produce stamens that contain sterile pollen, whereas males are both functionally and morphologically unisexual. This study examines the investment in stamen production by females of T. pubescens by comparing the female structures with those of their fully functional male counterparts. Stamens from females had the same biomass and contained the same amount of nitrogen and phosphorus as stamens from males. Anther size was the same in males and females, but ®laments were longer in stamens from males. Females produced more pollen per anther than males, and pollen size was the same in both sexes. Within¯ow-ers, there was a positive correlation between the amount of pollen per anther and the length of anthers in males, but not in females. This would be expected if males growing in better environmental conditions or with greater vigour invested more resources in pollen production, thereby increasing ®tness. Females, who receive no ®tness bene®ts from increased pollen production, did not show this pattern. There was also evidence of a trade-off within female¯owers between the number of stamens and the number of pistils. This trade-off was noted in conditions when variance among plants was reduced, namely in the ®eld during a year when¯ower size was particularly small and in a previous glasshouse study. Therefore, it appears that when environmental variance is low, stamens are produced at the expense of producing more pistils, and hence seeds. In conclusion, stamen production does not appear to be inconsequential to females of Thalictrum pubescens.
INTRODUCTION
One advantage of gender dimorphism over hermaphroditism that has long been proposed is the advantage that unisexual plants may gain over hermaphrodites by specializing in one sexual role (Darwin, 1877) . Unisexuals are able to allocate the resources previously spent on the opposite sexual role more ef®ciently and, consequently, increase ®tness. The complete separation of sexes, or dioecy, is expected to evolve when ®tness gain curves accelerate as resource investment in one sexual function increases (Charnov et al., 1976) . Similar resource use between the two sexual functions and intersexual competition for space and nutrients are among the factors that may contribute to this condition being met (Charnov et al., 1976; Maynard Smith, 1978; Bawa, 1980; Givnish, 1980) . Even if phenotypic dimorphism is low when dioecy ®rst arises, once dioecy has been established, further changes in resource allocation patterns are expected to occur because of sexspeci®c selection (either sexual or natural selection), increasing differences between the sexes (Lloyd, 1977; Willson, 1979; Cox, 1981; Bell, 1985; Meagher, 1994; Ashman, 2000) . These differences need not be adaptive in nature and may arise as a consequence of physical reproductive differences between the sexes or correlated responses to selection on other traits within one sex (Geber, 1995; Delph et al., 1996; Elle, 1998; Ashman, 1999) . However, dioecy has evolved several times with at least one of the sexes maintaining full-size sexual organs of the opposite sex, making them appear hermaphroditic whilst still being functionally unisexual. This breeding system is known as cryptic dioecy (Mayer and Charlesworth, 1991) . The existence of cryptic dioecy appears to contradict the hypothesis of a critical role for the reallocation of resources in the evolution of separate sexes.
A major assumption, explicitly underlying theoretical models of sex allocation, is the existence of a ®xed amount of resources available for reproduction that can be allocated in various ways among the different sexual functions (Charlesworth and Morgan, 1991) . The type of resources devoted to reproduction may vary. For example, plants may invest resources that are physiological in nature, such as nutrients or photosynthate, into the production of sexual organs (Ashman and Baker, 1992) . In addition, the production of reproductive structures of one sex may also impose developmental constraints on the production of reproductive structures of the other sex. For example, the number of components within each¯ower may be set, so that tranforming one part to a male structure precludes the production of a female structure (Geber, 1990; Bonser and Aarssen, 1996) . A consequence of a ®xed amount of resources would be that as resource investment in one sexual function increases, investment in the other sexual function would necessarily decrease, generating trade-offs among sexual traits. For example, when Mazer et al. (1999) selected for increased ovule number in Spergularia marina, there was a correlated decrease in the number of anthers per ower. Such trade-offs should further speed the evolution of sexual dimorphism.
One hypothesis, termed the Ancestry Hypothesis, which accounts for the maintenance of sterile organs in cryptically dioecious species states that the organs remain as vestiges of the ancestral state (Mayer and Charlesworth, 1991; Davis, 1997) . In this case, selection is too weak to reduce the structures because the expense to the plant of producing the structures is very small or their resource requirements are non-overlapping with other functions (Mayer and Charlesworth, 1991; Davis, 1997) . Therefore, their development does not pull resources away from other uses within the¯ower. Although the sterile organs in some cryptically dioecious plants appear to be identical to the functional organs of the opposite sex, there may be subtle differences between them. For example, anthers of females may contain fewer pollen grains, or the amount of limiting resources, such as nitrogen or phosphorus, allocated to each anther may be lower, reducing con¯icts with other functions (Mayer and Charlesworth, 1991) . Alternatively, a lack of such differences between the sexes would suggest that natural selection should act to reallocate the resources more productively by reducing or removing sterile organs.
The primary goal of this investigation is to examine resource allocation to¯oral structures in the cryptically dioecious plant, Thalictrum pubescens, and hence to examine the role of the Ancestry Hypothesis in the maintenance of cryptic dioecy in this species. Females of this species produce stamens, thereby appearing to be hermaphroditic. Female¯oral structures are compared with those of their male counterparts, and resource allocation within female¯owers is examined, including (1) investment of resources such as biomass, nitrogen, and phosphorus; and (2) developmental constraints such as possible meristem limitation. Thalictrum pubescens is at least partially wind pollinated so may not need to maintain resource allocation to pollen as a nutritive attractant to pollinators (Melampy and Hayworth, 1980) . Davis (1997) has shown that stamens are unnecessary for successful pollination of T. pubescens females. In this study, female¯owers that had sterile stamens removed did not set signi®cantly different levels of seed compared with unmanipulated female¯owers. Bawa (1980) and Givnish (1980) point out that pollination by wind or generalist insects is relatively inef®cient, requiring a large input of resources for pollen production, and hence paternal costs are high. This may give females a particularly large bene®t from reallocating paternal expenses. In addition, females produce several uniovulate pistils per¯ower, each of which develops into an achene fruit with one seed. Any reduction in the number of pistils will therefore lead to a direct reduction in the possible number of seeds each¯ower can produce.
M A T ER IA L S A N D M ET H O D S

Study organism
Thalictrum pubescens (also known as T. polygamum; Park, 1992) is a summer-¯owering perennial that grows in rich woods, low thickets, swamps, wet meadows and stream banks (Keener, 1976) . In this study, a population of T. pubescens located in a small, unused privately owned ®eld adjacent to Fort Hill State Historical Park in Highland county near Hillsboro, OH, USA, was used. Females of T. pubescens produce pistillate¯owers with numerous pistils and a very variable number of stamens. Each pistil has an uniovulate ovary. Each stamen from female¯owers contains pollen that is inaperturate (Kaplan and Mulcahy, 1971) , and hence cannot germinate when placed on Kwack's media, whereas pollen from males germinates readily within 2±3 h (S. L. Davis pers. obs.). Stamens of females fall off before the fruit matures. Males produce only staminate¯owers with stamens and no vestigial pistils. Flowers of both sexes lack petals and nectaries. Sepals are white, relatively small compared with the stamens and pistils, and fall off soon after the¯ower matures. The species is partially wind pollinated (Boivin, 1944; Kaplan and Mulcahy, 1971) , with the primary insect visitors being Syrphid¯ies. Sex determination in dioecious Thalictrum spp. appears to be under nuclear control with males serving as the heterogametic sex (reviewed in Meagher, 1988) .
Collection of¯ower material
Data were gathered both from naturally occurring ®eld-collected¯owers and from plants grown from seed in a glasshouse.
Field-collected¯owers. One to three¯owers were collected from each of 50 females and 50 males randomly selected every year between 1993±1995 at the Hillsboro ®eld site (except 1995, when¯owers from 95 males were collected; see below). An additional collection of 25 femalē owers was made in 1996. All¯owers were preserved in 70 % alcohol and taken to Indiana University, USA, for morphological measurements.
In 1995, one¯ower from each of 95 males and 50 females was collected. One anther from each¯ower was removed, stored separately in a dry glass vial, and allowed to dehisce for pollen measurements.
Glasshouse-grown plants. Seeds were collected from 50 maternal plants growing in the Hillsboro ®eld site in 1994. These seeds were taken to Indiana University where they were planted in shallow plastic trays ®lled with moist MetromixÔ and stored at 4°C for 6 weeks. They were then removed from the cold and placed in a mist room of the Indiana University glasshouse where they germinated. Germination took 10±21 d. After a further 6 weeks, ten to 15 seedlings from each maternal line that germinated were planted in individual 10 cm pots and placed in a glasshouse at the Botanical Experimental Field Station on the Indiana University campus. After 2 months, plants were transplanted to 20 cm pots and allowed to¯ower. The ®rst and second¯owers from each plant that bloomed were collected. One anther from each¯ower was placed separately in a clean, dry glass vial and allowed to dehisce for pollen measurements. The remainder of the¯ower was preserved in 70 % alcohol for morphological measurements. A total of 22 maternal lines had at least one male and one female¯ower.
Two additional fresh¯owers were collected from each plant and taken to the laboratory where they were each dissected into stamens, pistils and sepals. These organs were used for biomass and nutrient concentration measurements.
Data collection
The size of the various¯oral organs from both ®eld-collected and glasshouse-grown plants was estimated by measuring the length of each part using a micrometer under 8Q magni®cation. One micrometer unit is equivalent to 1´25 mm, and measurements were taken to the nearest onetenth of a micrometer unit. Measurements taken included: number of stamens, number of pistils, anther length, ®lament length, ovary length, stigma length and sepal length.
The amount of pollen per anther and the size of the pollen grains were measured using an Elzone 280PC Particle Counter (Micromeritics Instruments Corporation, Norcross, GA, USA). Each anther collected in a clean, dry vial was allowed to dehisce. After the anther had dehisced, 15 ml of 1´5 % ®ltered saline was added to the vial. The Elzone counts the number of particles in 0´5 ml samples and gives a histogram of the size of the particles in each sample. The total amount of pollen in one anther was calculated as the mean number of pollen grains in three 0´5 ml samples multiplied by 30.
Biomass of organs and nutrient concentration within each organ type were measured using the two¯owers that were collected from each plant growing in the glasshouse. Each¯ower was dissected into its various organs and¯oral parts were then oven-dried for at least 48 h at 35°C and weighed to 1 mg using a Sartorius microbalance. The dried¯oral parts were analysed for both their nitrogen and phosphorus content (one¯ower was used for each), following the procedures of Ashman and Baker (1992) . In brief, the separated and dried parts were digested over a heating block in concentrated H 2 SO 4 . To determine nitrogen content, each sample was combined with 250 ml 10 % NaOH, 750 ml H 2 O and 50 ml undiluted Nesslers Ammonia colour reagent. The absorbance of each solution was read at 425 nm in a spectrophotometer. Nitrogen content was then determined by comparing the absorbance of the solution with a standard curve generated by preparing a series of solutions of known concentration. To determine phosphorus content, each sample was combined with 500 ml distilled H 2 O and 500 ml Reagent C. The absorbance of each solution was read at 820 nm and nitrogen content was calculated by comparing this absorbance with a standard curve generated by preparing a series of solutions of known concentration.
Statistical analysis
All statistical analyses were performed using the statistical program SPSS version 6´1 for the Macintosh.
A mixed-model ANOVA was used to test for differences in anther and sepal size between males and females of ®eld-collected¯owers, with anther length and sepal length as dependent variables, sex as a ®xed effect and year as a random effect. Transformation did not help ®lament length data meet the requirements of ANOVA, so a Mann± Whitney U-Wilcoxon Rank Sum test was used to test for differences between the sexes in this variable. The resulting probabilities were then multiplied by 3 to correct for multiple tests.
Differences in anther and ®lament size between males and females of glasshouse-grown plants were tested using independent samples t-tests. Dry mass per organ, nitrogen concentration and content, and phosphorus concentration and content for male stamens, female stamens and pistils were analysed using a one-way ANOVA and paired orthogonal contrasts. The contrasts ®rst tested for differences between male and female stamens and then compared stamens with pistils. Dry mass per organ was log-transformed to meet the assumption of equality of variances.
The relationship between stamen number and pistil number within female¯owers was examined using Pearson-product moment correlation coef®cients. For the ®eld-collected¯owers, a separate correlation was calculated each year. For the glasshouse-grown plants, different numbers of female plants¯owered per family, so a Pearson-product moment correlation coef®cient was calculated using the means of maternal lines to control for maternal effects.
The amount of pollen in male vs. female anthers and the size of male vs. female pollen grains were analysed using independent samples t-tests. The number of pollen grains per anther was log-transformed to meet the assumption of equality of variances. Correlations between pollen content and anther size and stamen number were examined with Pearson-product moment correlation coef®cients.
R E S U LT S
Stamens from males vs. stamens from females Females produced signi®cantly fewer stamens than males in both ®eld-collected and glasshouse-grown plants (Table 1) . However, few differences were found in the size of¯oral traits common to both males and females. This was true for both ®eld-collected and glasshouse-grown plants (Table 1) . Stamens from males were slightly longer than those from females. This difference resulted solely from a difference in ®lament length. For¯owers collected from the ®eld, ®laments were signi®cantly longer in males in all years (Table 2) . Anther length was the same for males and females each year ( Fig. 1; Table 2 ). Results were the same for plants grown in the glasshouse (Table 1) . With respect to overall stamen size, the anther probably represents the majority of investment in the stamen, as the ®lament is a thin, white strand supporting the anther. Sepal size was also the same in males and females (Fig. 1) .
No signi®cant difference was detected between males and females of glasshouse-grown plants in the mass of individual stamens (Table 1 ). In addition, there was no difference in the concentration of nitrogen or phosphorus between the two stamen types. Consequently, the total amount of nitrogen and phosphorus invested per stamen by males and females was equivalent (Table 1) . Females produced more pollen per anther than males in both the ®eld and the glasshouse (Table 1) , but because males produced more stamens than females, total pollen production per¯o wer was higher in males. Pollen grains did not differ signi®cantly in size (Table 1) .
Within female¯owers
Data from glasshouse-grown plants indicate that approx. 27 % of the biomass of a female¯ower that is devoted to sexual function is used to produce stamens. Each individual stamen is less than half the mass of one pistil (0´045 mg vs. 0´104 mg, respectively), with each¯ower having, on average, 9´32 stamens and 18´00 pistils (Table 1) .
Data collected from 46 females during the ®rst ®eld season (1993) indicated a signi®cant negative phenotypic correlation between stamen number and pistil number ( Fig. 2A) , suggesting a trade-off between stamen production and potential seed production. However, this correlation was not signi®cantly different from zero in any other year (Fig. 2B±D) . Furthermore, if the signi®cance level is adjusted for multiple tests by dividing the probability level of each year by four (the number of years tested), the probability level for 1993 also drops below signi®cance. Nevertheless, there is reason to note the evidence of a tradeoff in 1993. Flowers in 1993 had signi®cantly fewer reproductive organs than in other years (Fig. 3) , indicating that resource limitation may have decreased the variance between plants, emphasizing the trade-off found in this year.
Pollen production in males vs. females
Pollen production per anther was positively correlated with anther length in males, but not in females (Fig. 4) . Conversely, there was a statistically non-signi®cant trend for pollen production per anther to be negatively correlated Anther length and sepal length were both tested using a mixed-model ANOVA with sex as a ®xed effect and year as a random effect.
Transformation did not help ®lament length meet the requirements of ANOVA, so differences between the sexes was tested for each year using a Mann±Whitney U-Wilcoxon Rank Sum test. The resulting probabilities were then multiplied by 3 to correct for multiple tests. Size measurements for ®eld-collected¯owers were available from several years, so these data were analysed using a mixed model ANOVA, the results of which are shown in Table 2 .
Data for size and number of pollen grains per anther were analysed with independent samples t-tests. Traits within a half-row that are signi®cantly different at the P = 0´05 level are indicated by different superscripts.
with stamen number per¯ower in females, yet no relationship between these variables was found in males (Fig. 5 ).
D IS C U S SIO N
The results indicate that very little dimorphism between male and female stamens has evolved since the separation of the sexes. Individual stamens have the same mass in both sexes and contain the same amounts of nitrogen and phosphorus. Given these results and the delicate structure of the ®lament, the difference in ®lament length probably does not re¯ect a substantial difference in resource investment. Female anthers are the same length and contain even more pollen than those produced by males. It is, however, impossible to say whether females have increased their pollen production per anther or whether that of males has decreased since the separation of the sexes. Some¯oral characters are photosynthetic and thus contribute carbon to their own production (Bazzaz et al., 1979; Galen et al., 1993; Antl®nger and Wendel, 1997) . In this case it is unlikely that stamens are able to contribute to their own production. The ®laments are white and consequently non-photosynthetic. Pistils may contribute to the expense of seed production as they turn green as they mature into fruits. However, stamens have typically fallen off thē ower at this point, so any extra photosynthate produced by pistils could not be diverted to stamen production.
Data collected from females in 1993 indicate the existence of a trade-off between stamen number and pistil number. This negative correlation was signi®cant before the correction for tests over multiple years. This suggests that females maintain stamen production at the expense of possible increased pistil production. Since each pistil may develop into one seed, decreasing pistil production directly reduces the number of seeds that can be produced. However, this correlation was not detectable in any of the following years. Negative correlations such as this are notoriously dif®cult to detect. Differences in overall plant quality (due to microsite differences or genetic differences at resource allocation loci) tend to skew such correlations between traits in a positive direction, as high quality plants are bigger overall and plants of lesser quality are smaller overall, hence masking possible negative correlations (Charlesworth and Morgan, 1991; Houle, 1991; O'Neil and Schmitt, 1993; Mazer and Dawson, 2001) . There is evidence that this may be occurring in T. pubescens. Flowers in 1993 were signi®cantly smaller, as measured by the number of organs per¯ower, than in other years, possibly reducing the effects of plant quality. Resources may have been limiting in that year, or possibly in the previous year as the plants are perennial. Therefore, although a trade-off was found only in 1 year, it may still be biologically important when resources are low. Further evidence that environmental factors can mask this trade-off is provided by a glasshouse study in which a signi®cant negative phenotypic correlation between stamen number and pistil number was detected (Davis, 2001) . Differences in microsite quality should also be reduced in a glasshouse. However, in this case, plant growth should not have been limited by water or nutrients and, as would be expected in better environmental conditions, the glasshouse-grown plants had bigger¯owers than those of ®eld-collected plants. With the reduction in environmental variance, the trade-off between stamens and pistils could be seen. Taken together, the ®eld and previous glasshouse correlations indicate that females produce¯owers of a certain size, with a certain number of organs within each¯ower, depending on the amount of resources available. The use of an organ primordium within the¯ower to produce a stamen reduces the number available for pistil production, and therefore reduces seed production. This is analogous to results found in Cucurbita foetidissima. Kohn (1989) concluded that there was a trade-off between male and female function in terms of¯oral meristems. By not making male¯owers, female plants were able to free more meristems for pistillate¯owers. Because T. pubescens produces many female and male sex organs per¯ower, this same type of trade-off is found on a within-¯ower basis. This trade-off occurs on the level of part number despite the large difference in mass of stamens and pistils. Female reproduction may be more resource-limited than stamen production. Glasshouse-grown females produced 45 % more pistils than ®eld-grown females (12´44±18´00 pistils per¯ower), but only 18 % more stamens (7´90±9´32 stamens per¯ower). The fact that the trade-off could only be detected in 1 of 4 years in the ®eld is particularly interesting. This may mean that the production of stamens in females only reduces pistil production when resources are low.
During these times, however, it would be predicted that natural selection should act against stamen production in favour of pistil production and possible seed production.
The production of signi®cantly more pollen (which was the same size in both sexes) per anther in females compared with males was an unexpected result. However, this can be explained if the hermaphroditic ancestors of T. pubescens (before the separation of sexes) were indeed constrained in the number of reproductive parts they could produce, as seen in females today. Selection may have acted to maximize the number of functional pollen grains produced by an anther of a given size. As males ceased to produce pistils, they could produce more pollen by using the resources freed from pistil production to make (1) larger anthers with more pollen or (2) more anthers per¯ower. In support of this hypothesis, there is no relationship between anther size and pollen production per anther in females, yet a positive correlation does exist between these variables in males. This would be expected if males of greater vigour invested more in pollen production, thereby increasing F I G . 4. Relationship between pollen production and mean anther size in females (A) and males (B). One micrometer unit is equivalent to 1´25 mm. F I G . 3. Mean number of stamens and pistils (T1 s.e.) produced by females. Data were analysed using one-way ANOVA, followed by a Tukey's HSD posthoc comparison. 1993 was signi®cantly different from all other years.
®tness. Females, who would receive no ®tness bene®ts from increased pollen production since their pollen is sterile, do not show this pattern. Conversely, there is also a trend for a negative correlation between stamen number and pollen grains per anther in females that is not present in males. If there are resource constraints within female¯owers, females that produce more anthers may have a lower maximum number of pollen grains they can produce in each anther, thereby creating the observed correlation.
The results indicate that the Ancestry Hypothesis cannot account for the maintenance of stamens in females of T. pubescens. Individual stamens appear to receive the same level of investment in both sexes. In addition, females produce stamens by sacri®cing ovule production and hence possible seed production, particularly when resources are limiting. It cannot therefore be said that stamen production is inconsequential to the female plant. It has also been shown that the production of stamens does not enhance female ®tness through increased pollination (Davis, 1997) . When such reproductive organs lose their primary function, it has typically been thought that unless they assume a new function (such as in pollination), these organs quickly tend to be lost (Walker-Larsen and Harder, 2001) . Another possible reason for the maintenance of stamens in females in this case is that females are genetically constrained to produce stamens because of positive, between-sex correlations among¯oral traits (Davis, 2001) . L IT E RA TU R E C I TE D
